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Abstract 
 
 A Frozen Wave Generator as a source of RF energy 
consists of an ensemble of electrostatic energy storage 
elements, alternately charged positive and negative, that 
can be switched to produce a constant amplitude 
oscillatory waveform in the time domain that mimics the 
spatially stored energy.  The oscillatory frequency of this 
wave is determined by the energy storage elements which 
can be made up of discrete components or alternately 
made from transmission line segments.   
 In this paper, we will review the state of the art in FWG 
technology, contrasting various techniques and range of 
frequencies attainable. In our laboratory, we have 
investigated a unique topology that reduces the number of 
switch elements to a single switch.  In this paper we will 
present results for multi-cycle laboratory scale single-
switch FWG RF sources for frequencies as high as 500 
MHz.  Scaling relations and designs for higher frequency 
and power will also be presented and discussed within the 
context of switch requirements and matching to radiating 
elements. 
 
 

I. INTRODUCTION 
 
 There are numerous techniques for producing high 
Radio Frequency (RF) pulses at peak power levels greater 
than 100 MW.  For frequencies below 500 MHz, Vector 
Inversion Generators configured as an oscillator, 
oscillators based on quarter wave transmission lines, and 
“lumped element” L-C oscillators are standard techniques 
typically used.  The frequency of oscillation for such 
devices is inversely proportional to the square root of the 

product of the capacitance, C, and the inductance, L.  For 
frequencies above 500 MHz, both the capacitance and 
inductance required for discrete LC oscillators become so 
small that stray effects tend to dominate and limit the 
frequency attainable. In the microwave region of the 
spectrum, devices such as Vircators, Backward Wave 
Oscillators, Relativistic Magnetrons, etc. are used.  These 
microwave devices are usually large, and have limited 
efficiency, making it problematic to deploy in small 
portable payload spaces. In general, the wave packet 
generated by these techniques consists of a decaying 
sinusoid of a few cycles with only one or two of the 
cycles having high peak power.  Further, the limited 
number of cycles and the use of spark switches tend to 
produce wide bandwidth making it difficult to accurately 
match the generator output to a radiating structure. 
 
 

II. FROZEN WAVE GENERATOR 
 
 An alternate technique, the “frozen wave” generator” 
investigated for many years, can cover the range from low 
frequency to terahertz frequencies [1-4], producing a 
constant amplitude wave packet. The technique consists 
of segments of transmission line, alternately charged, with 
two segments constituting a single cycle. The length of 
each segment is one-half of a wavelength of the desired 
radiation. If perfect, the output from the device is a 
“square-top, equal-amplitude, multi-cycle waveform” 
with the number of cycles determined by the number of 
transmission line segments. The primary drawback to this 
technique in most embodiments is the need for a separate 
switch between each pair of segments.  A schematic of a 
Frozen Wave Generator (FWG) is shown in Fig. 1. 
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Figure 1. Two cycle frozen wave generator illustration. 
(a) Physical layout showing coaxial elements. (b) Static 
potential distribution showing polarity of each element in 
(a). (Reproduced from Forcier, et al., [5]) 
 
 Referring to Fig. 1, the FWG consists of a linear, multi-
switch ensemble of transmission line segments with 
alternate segments charged to opposite polarity. In this 
arrangement, energy from a power supply is statically 
stored in alternately charged sections of transmission line 
with constant characteristic impedance Zo.  By 
simultaneously closing all of the switches in the 
ensemble, the spatially stored static electric charge 
distribution is converted to two dynamic waves moving 
through the line segments, in opposite directions, to the 
load RL.  The frequency of the resultant wave packet is 
determined by the length of each transmission line 
segment which for constant frequency requires each 
segment to be λ/2 in length. Figure 1 illustrates a two 
cycle device although many cycles can be produced by 
simply adding more line segments.  Note that now all of 
the cycles in the wave packet are constant amplitude and 
for an ideal case would be “square-top.” Dispersion and 
discontinuities represented by the switches tends to round 
the cycles especially at high frequencies.  High frequency 
FWG RF sources based on the Fig. 1 schematic require; 
 
• Sub-nanosecond switch synchronization 
• External switch trigger generator 
• Low loss switches 
• Sub-nanosecond switch impedance collapse 
• At least one switch per RF cycle. 

 
 The FWG devices described in References [1-4] use 
solid state switching with laser triggering which make it 
somewhat problematic to make a highly compact efficient 
source. Further, solid state switches have moderately high 
on-state resistance making the FWG less efficient as 
much of the energy is absorbed in the switch itself.  This 
is especially important at high frequency where each line 
segment stores minimal energy. 

 In the FWG topology shown in Fig. 1, note that the 
ends of each individual transmission line segment are at 
the same potential.  This fact allows the FWG to be 
arranged in a different ‘folded’ configuration which 
requires only one switch as shown in Fig. 2. 
 

 
Figure 2. Folded frozen wave structure exactly equivalent 
in spatially stored charge as that shown in Fig. 1. 
(Reproduced from Forcier, et al., [5]) 
 
 This ‘folded’ topology was first investigated by Forcier, 
Rose, Rhinehart, and Gripshover[5] for frequencies as 
high as 800 MHz.  In this paper, we have extended the 
work in [5] using new materials and switch technology 
over a comparable frequency range and with as many as 
10 constant amplitude cycles.  Note that the center 
conductor of the coaxial transmission line is still 
continuous throughout the cable sections. In this 
configuration, the static or frozen wave is stored in the 
cable sections just as in Fig. l(b). When the switch is 
closed, the exact same process as described for the linear 
configuration is initiated with replicas of the frozen wave 
again traveling in both directions to the load – now all 
wave segments flow through one switch sequentially. 
More importantly, the switch impedance collapse loss 
occurs only one time and tends to affect only the first half 
cycle to transit the switch.  As shown in Fig. 2, the frozen 
wave generator is a continuous length of the cable with a 
single discontinuity caused by the agglomeration of the 
outer braids of each section of line on opposite ends of the 
switch. 
 
 

III. EXPERIMENTAL RESULTS 
 
 Initial experiments concentrated on reproducing some 
of the results from [5].  The first device consisted of a 
simple 1-cycle (2-segment) FWG constructed from RG-
58/U coaxial cable as shown in Fig. 3.   The two sides of 
the FWG were switched together with a modified “stab 
switch” which produced acceptable results. The observed 
waveforms, ideally flat-top, show fine structure due to 
non-ideal switching and load impedance conditions.  The 
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frequency of operation is roughly 30 MHz and agrees well 
with the segment line element whose length is cut to one 
half wavelength. From these tests, we were comfortable 
that we could accurately diagnose and characterize FWG 
experimental prototypes. 
 

(a.)  

(b.)  
 
Figure 3. First single cycle FWG test article. (a) 
Assembled unit showing general arrangement of 
segments.  (b) Waveform for two resistive loads.  
Frequency is approximately 30 MHz. 
 
 Several FWG prototypes were built with this technique.  
Fig. 4 shows a device similar in construction to that 
shown in Fig. 3 that operated at 550 MHz. Note that there 
is “late time” ringing due to mismatch between the line 
segment impedance and the load.  Simple stab switching 
produced wide variability in the amplitude, impedance 
mismatch and noise in the diagnostics.  
 

550 MHz, 2‐cycle
FWG unit (Proto‐9)

FWG outputs terminated by 100 
ohm resistor. Dual capacitive 
pickup leads are used and 
measured differentially by two 
50 ohm oscilloscope ports.

 
Figure 4. Test setup with Averaged waveform approx. 
550 MHz measured differentially. Top trace shows 
individual waves propagating in opposite directions 
within the FWG.  Bottom trace is the differential sum. 

 Based on these initial tests, a FWG switch manifold 
testbed was built which allowed up to 4 RF cycles in a 
geometry that insured repeatable switching conditions and 
allowed switching to be accomplished by “overvolting” in 
a SF6 or H2 environment at operating voltages in excess of 
2 kV. This testbed structure was tested with many 
different configurations of line segments to support 
various frequencies, number of cycles, types of coaxial 
cable, and different load termination schemes. 
 Signal diagnostics in the FWG structure presents 
challenges at very high frequencies which in some cases 
were addressed through the use of attaching radiative 
antenna loads in lieu of simple resistive loads. In some 
cases we attached a simple dipole antenna to a 4-cycle 
FWG RF unit assembled using this switching manifold 
assembly and operated it at voltages as high as 2.6 kV in 
SF6. 
 We received the RF radiated signal waveform using a 
Vivaldi Antenna that had been calibrated for use in this 
frequency band. Fig. 5 shows the received waveform.  
Note that both the beginning and end of the wave packet 
is “rounded’ due to the antenna transfer functions for both 
transmit and receive.  Note also, reflections of the wave 
packet from metallic objects in the vicinity of the receive 
antenna.  Experiments were conducted in a high bay area 
of the lab. 
 

 
Figure 5. E-field Strengths (@ 1m range) from 300 MHz 
FWG using FWG integral-dipole antenna. 
 
 By varying the switch gas conditions, we were able to 
determine E-field strength scaling for the FWG device as 
a function of FWG charge voltage. Figure 6 shows the 
peak E field strength as a function of FWG charge voltage 
from the 4-cycle FWG shown in Fig 4 as measured using 
the Vivaldi antenna at a 1m range.  Note that in the RF 
antenna radiated far field, the E-field scales with charge 
voltage at a constant value of range as, E = KV/R where 
K is a constant for a given antenna configuration. Note 
from Fig. 6 that, as expected, the functional dependence 
of measured E-field strength as a function of charge 
voltage is linear. 
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Figure 6. E-field Strength (1m range) as a function of 
FWG Charge Voltage of the 4-cycle FWG shown (Fig 4). 
 
 

IV. MODELING AND SIMULATION 
 
 In our experiments, it was obvious that the switch 
parameters would affect the FWG and would be critical to 
designs as the frequency of the FWG increased.  To 
examine the effect of switch parameters, we simulated the 
FWG using a ladder LC approximation to the individual 
line segments. Spice models were constructed and 
simulations run using LTspice® IV. Figure 7 shows an 
example Spice model for a 10-cycle FWG. Different LC 
ladder networks were designed as sub-circuit components 
and used within the upper level FWG models. 
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Figure 7. Spice model of a 10-cycle FWG. 
   
 Switch capacitance and inductance were based on 
values achieved in other work and can be attained in the 
switch manifold geometry.  In the Spice model, the switch 
was assumed to consist of a “perfect” closure mechanism 
with RLC values: low series resistance, inductance L 
representing the spark and electrode contributions, and a 
capacitance C in parallel also representing the switch 
housing contributions.  Switching closing-time and 
opening-time (recovery) period could also be specified. In 
that configuration, the switch impedance can be 
calculated as (L/C)1/2 and can be used as a “figure of 
merit” for determining the effect of the switch on the 
frequency of the FWG. To “benchmark” the model, we 
simulated 150, 300, 500, and 600 MHz 4-cycle FWGs for 
which we have experimental data.  Figure 8(a) shows the 
experimental trace with the comparable Spice simulation 
in Fig. 8(b).  Note the waveforms are similarities. 
 

(a.)  

(b.)  
 
Figure 8. Benchmark experimental results;  (a) Measured 
waveform for a 4-cycle nominal 600 MHz FWG.  (b) 
Spice simulation of a 4-cycle 600 MHz FWG. 
 
  

(a.)  

(b.)  
  
Figure 9. Fourier transforms of Fig. 8 (a.) Experimental 
waveform results and, (b.) Simulated 600 MHz FWG 
generator results.   
 
Figure 9 contains Fast Fourier transforms for the 
waveform and simulation data shown in Fig. 8. Note that 
the modeled and measured spectral distributions are 
highly similar but differ in frequency by a few percent.  
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This is due in part to the fact that we may not have 
accurate switch parameters for the model. 
 Based on successful benchmarking of the model, we 
used the Spice model to investigate the effect of switch 
parameters on frequency for a 4-cycle 900 MHz FWG. 
Figure 10 shows the results of simulation of a 900 MHz, 

ons where the 
itch impedance is varied by changing the switch 

inductance for fixed values of capacitance. 
 

4-cycle FWG where L is held constant and C is varied 
over an order of magnitude. 
 Note that the switch manifold capacitance lowers the 
design frequency and will be a design parameter that must 
be accounted for in specific FWG device designs. Figure 
11 shows the results of a series of simulati
sw

 
Figure 10. Effect of switch capacitance on 4-cycle 

al 900 MHz FWG. Switch inductance assumed to 
be 1 nH.  (Horizontal time axis units:  seconds.) 
   

nomin

 
Figure 11. Effect of spark switch impedance on the 
modeled 900 MHz FWG.  Impedance changes were made 

r specific fixed capacitance values by varying the 

n 

veloped due to 

itial charge-up and subsequent decay as the impulse 
energy is radiated or dissipated (Fig. 12b). 
 

(a.)

fo
switch inductance. 
 
 From Fig. 11, it is obvious that a small value of the 
switch impedance as defined above is necessary to 
minimize the effect of the switch on FWG desig
frequency.  From these data, we are confident that FWG 
devices can be built at frequencies approaching 1 GHz. 
 Figure 12 shows clearly the differences between typical 
high power RF impulsive sources based on LC oscillators 
and frozen wave generators. The design of the FWG 
allows the RF loads to continue to be energized by the n-
cycle wave-train created by the FWG (Fig. 12a). The 
impulsive RF source signal however is en

in

  

(b.)  
 
Figure 12. Contrast between waveforms for impulse 
transmitters.  (a) Simulation of 10 cycle FWG.  (b) 

adiated waveform from a 60 MHz LC spark switched 
scillator. 

V. SCALI R AND 

ence that 

R
o
 
 

NG TO HIGHER POWE
HIGH FREQUENCY 

 
 Figure 6 clearly shows radiated E-field scaling with 
increased operating voltage for voltage greater than 2 kV.  
Since the simple physics of electromagnetic radiation 
phenomena show that for a fixed distance from the 
transmitter, the measured E-field scales with voltage 
applied to the terminals of the antenna, our experimental 
devices are in fact oscillators and not spurious noise 
generated by the spark switch.  Further as shown above, 
the measured waveforms and that obtained by modeling 
with Spice are similar enough to give high confid
scaling to high voltages is both practical and easily 
implementable over a wide frequency range. 
 The FWG switch manifold assemblies have been 
manufactured to spark switch inductance and capacitance 
parameters that have been achieved in other spark 
switches that functioned at high repetition rates.  Using 
these switch parameters, the Spice modeling shows that 
scaling to higher power levels and higher operating 
voltages are possible with minimal degradation of the 
wavepacket. Since the characteristic impedance of the 
transmission line segment impedance Zs governs the load 
impedance ZL, then ZL= 2Zs.  For ease of matching to a 
dipole-type antenna load with characteristic impedance of 
~73 ohms, the transmission line segment characteristic 
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VI. CONCLUSIONS AND DISCUSSION 

 
 For a conventional spark-switched LC oscillator, the 
wavepacket consists of an exponentially decaying 
sinusoid with the number of cycles dependent on losses 
and how well the oscillator is matched to a load (antenna).   
As energy is radiated from the system or absorbed 
internally, the spark switch impedance begins to recover 
resulting in decreased frequency in the late time.  This 
spreading of the frequency increases the bandwi
wavepacket and decreases the efficiency of the coupling 
between the oscillator and the antenna system.   
 By contrast, the FWG oscillator produces a “constant 
amplitude” wavepacket with minimal frequency spreading 
since the switch sees a constant amplitude wave.  We do 
however see, both in the modeling and experimentally, 
that the first half cycle and the last half cycle of the wave 
is spread and is due to the fact that energy from the line 
segments is transferred to the switch inductance as the 
switch closes with a characteristic time constant that 
depends on the switch inductance.  Similarly, after the last 
line segment is absorbed in the load, the energy still in the 
switch inductance can distort the last half cycle in the 
packet as it too is absorbed at the load.   Note, however 
that the switch capaci
source prior to switch closure and is at the same potential 
as the line segments.   
 Although we have only investigated this technique 
experimentally to approximately 600 MHz, the results of 
modeling and switch parameters that we know are 
achievable, 

ng 1 GHz are achievable in mult
ources. R
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